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ABSTRACT
Tritium beta radiation (tritium) was used to induce 
mutations at the alcohol dehydrogenase {Adh) locus in 
male Drosophila melanogaster post-meiotic germ cells.
All 23 mutat: ons recovered were deletions greater than 
one kilobase in size (multikilobase deletions) as 
determined by genetic complementation analysis. A 
statistical difference was observed between the frequency 
of multikilobase deletions (23/23 or 1.0) induced by 
tritium and the frequency of multikilobase deletions 
(19/27 or 0.7) induced by 100-kVp X-radiation (X-rays). 
The relative frequency of multikilobase deletions induced 
by tritium with respect to that induced by X-rays was 
1.4. This value was compared to the relative biological 
effectiveness (RBE = 1.4) of these 2 radiation sources, 
determined from the ratio of the regression coefficients 
of the respective sex-linked recessive lethal (SLRL) 
dose-response data. A relationship may exist between the 
relative frequency of multikilobase deletions induced at 
the Adh locus and the RBE determined from the SLRL dose- 
response data. In addition, a genetic map of the 
multikilobase deletion break-points induced by tritium 
and by three monofunctional alkylating agents, 1-ethyl-1- 
nitrosourea, 1-methyl-1-nitrosourea and ethyl 
methanesulfonate, is presented.
vi
Previous in vitro research suggests that 2- 
chloroethyl methanesulfonate (Cl-EMS) will produce the 
same DNA adduct as l,2-dichloroethane or 1,2- 
dibromoethane. D. melanogaster gonial cells were treated 
with Cl-EMS, and the sex-linked recessive lethal (SLRL) 
and alcohol dehydrogenase (Adh) induced mutation 
frequencies were determined. The results of these 
studies were the following: First, mutation frequencies
200 times the spontaneous mutation frequency were induced 
with Cl-EMS. Second, lethal mutations on the X- 
chromosome were selected against in the hemizygous male. 
Third, the induced Adh mutation frequency was higher in 
the male than in the female. Fourth, all of the 83 Adh 
null mutations recovered were intragenic mutations as 
determined by complementation analysis. Fifth, treatment 
of gonial cells resulted in mutations of common origin, 
verified by DNA sequence analysis. Sixth, all 36 
mutations of independent origin were GC to AT 
transitions.
vii
INTRODUCTION
With the 1927 publication of the Artificial 
Transmutation of the Gene, H.J. Muller introduced the 
study of germ-line mutagenesis. His use of X-radiation 
(X-rays) in numerous genetic projects produced 
fundamental insights into the nature of the gene and, 
consequently, raised disturbing questions concerning the 
health consequences of medical X-rays. Subsequently, the 
study of chemical mutagenesis began during World War II 
when the biological consequences of mustard gas exposure 
were investigated (Auerbach and Robson, 1946).
The study of mutagenesis is primarily concerned with 
understanding the mechanisms of mutation induction. 
Estimation of the genetic risk to future human 
generations is an important application of germ-line 
mutagenesis. During the last fifty years, considerable 
effort has been made to determine the genetic changes 
associated with exposure of germ cells to environmental 
mutagens (Sankaranarayanan, 1988; 1991a). However, a 
direct relationship between exposure to a specific 
environmental mutagen and germ-line mutagenesis in man 
has not been established (Sankaranarayanan, 1991a). 
Reasons for this include the problem of ascertainment; 
only mutations that are observed clinically will be 
studied, and de novo mutations may produce disease 
symptoms not known for being heritable (Sankaranarayanan,
l
1991a). In addition, the non-specificity of mutagen 
interaction with DNA will induce a wide variety of 
phenotypic effects.
Currently, human risk assessment for radiation 
exposure is determined by either the "direct" or 
"indirect" method. The "indirect" method determines the 
dose of radiation required to double the spontaneous 
mutation frequency in mice (5 X 10‘7 to 5 X 10'6 
mutations/gene/generation) (Sankaranarayanan, 1988;
1991a; 1991b). The "direct" method compares the 
incidence of selected biological end-points observed in 
populations exposed to radiation with appropriate cohorts 
(Sankaranarayanan, 1991b). The Japanese "A" bomb 
survivors are the most well studied group, and a 
statistical increase in genetic damage has not been 
observed (Sankaranarayanan, 1991b). Risk assessment for 
chemical exposure is determined from a comparison of the 
spontaneous mutation frequency and the induced mutation 
frequency in one or more short term tests, which utilize 
primarily bacteria, D . melanogaster, mammalian tissue 
culture or rodents (Vogel, 1987).
Different classes of mutagens induce characteristic 
mutation spectra. Polychromatic X-rays induce a mutation 
spectrum that includes single nucleotide base 
substitutions, small deletions (2 to 29 bp), inversions, 
multilocus deletions, transpositions and translocations
(Muller, 1940; 1954; Ward and Alexander, 1957; Aaron, 
1979; Ashburner et al., 1982; Batzer et al., 1988; 
Pastink et al., 1987; Pastink et al., 1990; Mahmoud et 
al., 1991). In contrast, l-ethyl-i-nitrosourea (ENU) 
induces primarily single nucleotide base substitutions 
(Pastink et al., 1990; Fossett et al., 1990). Using 
short term tests and genetic and molecular analyses, the 
influence of mutation spectra on mutation frequency can 
be determined for environmental mutagens. As the Human 
Genome Project accumulates DNA sequence data, the DNA 
sequence of conserved genomic regions of exposed and 
unexposed populations can be compared to the mutation 
spectrum induced by the suspected mutagen in order to 
establish a relationship between human exposure and 
mutation induction.
If the mutation frequency increases in response to 
those mutations that are most refractory to repair, then 
the mutation spectrum induced by a specific mutagen 
should reflect the induced DNA damage that is most 
refractory to repair. Therefore, the mutation spectrum 
should influence the mutation frequency. The purpose of 
this dissertation is to determine the effect of mutation 
spectrum on mutation frequency for ionizing radiation in 
D. melanogaster male post-meiotic germ cells and to 
determine the mutation spectrum induced by 2-chloroethyl 
methanesulfonate (Cl-EMS) in D. melanogaster pre-meiotic
germ cells. The first study, "The Influence of Large 
Deletions on the Mutation Frequency Induced by Tritiated 
Water and X-Radiation in Male Drosophila melanogaster 
Post-Meiotic Germ Cells," is a comparison of mutation 
spectra and mutation frequency induced by two radiation 
sources with different mean linear energy transfer (LET) 
values, tritium beta radiation (tritium) and X-radiation 
(X-rays). This study demonstrates the influence of large 
deletions on mutation frequency in male post-meiotic germ 
cells. In the second study, "2-Chloroethyl 
Methanesulfonate Mutations Induced in Drosophila 
melanogaster Pre-Meiotic Germ Cells," the only mutation 
observed was GC to AT transitions. The frequency of 
these mutations increased in male germ cells undergoing 
cell division at the time of treatment.
The two genetic end-points used in this study are 
the sex-linked recessive lethal (SLRL) test and the 
alcohol dehydrogenase {Adh) specific locus test. The 
SLRL test, as the name suggests, is an assay to measure 
the induction of recessive mutations at essential loci 
carried on the X-chromosome. Males or females are 
treated and then mated. The resulting Fx females carry a 
copy of the treated X-chromosome. These females are 
mated and recessive lethals are scored by the absence of 
F2 male progeny that have inherited the X-chromosome from 
their treated grandparent. There are an estimated
600-800 essential loci on the X-chromosome (Abrahamson et 
a l . , 1980), and a null mutation at any locus will result 
in the death of hemizygous male progeny. On average the 
SLRL test should detect any mutation, from single 
nucleotide base substitutions to chromosome aberrations, 
that results in the loss of function of essential loci 
(Lee et a l . , 1983) .
The Adh specific locus test is used for the 
determination of mutation spectra. Adh null mutants are 
viable and fertile; however, they are sensitive to 
ethanol concentrations above 5% (Grell et a l . , 1968;
Vigue and Sofer, 1976). The gene product, Drosophila 
alcohol dehydrogenase (DADH), is a 50 kilodalton (kd) 
homodimer (comprised of 2 2 5 kd monomers), which 
functions in the detoxification of alcohols and comprises 
approximately 1% of the soluble protein of the adult fly. 
A selection method to recover Adh null mutations using l- 
penten-3-ol was developed by Sofer and Hatkoff (1972).
An enzyme activity of greater than 5% DADH will catalyze 
l-penten-3-ol to a toxic ketone. Previous work has also 
shown that the Adh specific locus test efficiently 
recovers mutations that range from single nucleotide base 
substitutions to multikilobase deletions induced by X- 
rays, formaldehyde and ENU (Aaron, 1979; Benyajati et 
a l . , 1983; Batzer et a l . , 1988; Fossett et a l . , 1990).
The Adh locus and the region surrounding the locus is
6well- characterized; therefore, mutations can be 
genetically and molecularly analyzed using this 
information (Chia et al. , 1985; McGill et al., 1988; 
Davis, et al., 1990).
As an animal model for the study of germ-line 
mutagenesis, Drosophila melanogaster has the following 
advantages. Unlike the mouse, thousands of genetically 
well characterized stocks, including repair deficient 
mutants, exist for D . melanogaster. These stocks permit 
the use of various genetic backgrounds in the study of 
germ-line mutagenesis. Extensive work has established 
mating schemes to treat specific germ cell stages 
(Sankaranarayanan and Sobels, 1976); thus, mutation 
frequencies and mutation spectra are not confounded by 
the differential sensitivity of a heterogeneous 
population of germ cell stages. In addition, the 
established mating schemes enable the study of 
differential germ cell stage mutagen sensitivity.
Finally, the short generation time, approximately two 
weeks, and the numbers of progeny that can be produced 
economically, enhance the utility of this insect for the 
study of germ-line mutagenesis.
While D . melanogaster has distinct advantages for 
the study of germ-line mutagenesis, it has obvious 
disadvantages. Not being a mammal, it lacks the biology 
distinct to this taxa. Cases may arise in which
7differences in taxa result in a differential response to 
mutation induction; thus, D. melanogaster will not be a 
suitable animal model. However, inherent problems exist 
in the extrapolation of any short term test of 
mutagenesis to the average 3 0 year generation time of 
humans.
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REVIEW OF LITERATURE: DIFFERENTIAL GERM CELL STAGE
MUTAGEN SENSITIVITY IN Drosophila melanogaster AND IN THE
MOUSE
INTRODUCTION
The determination of differential germ cell stage 
mutagen sensitivity is generally performed by treating a 
particular germ cell stage and comparing the induced 
mutation frequency and/or mutation spectrum with other 
treated germ cell stages (Sankaranarayanan and Sobels, 
1976; Ashburner, 1989). This can be accomplished using 
one of two methods. In the first method, the animal is 
treated during a developmental stage when the germ cell 
of interest is the primary cell in the gonadal 
population. The animal is then mated when the germ cell 
reaches maturity, and the F1 progeny are compared on the 
basis of mutation frequency and/or mutation spectrum 
(scored) (Auerbach, 19 51; Luning, 1952; Sankaranarayanan 
and Sobels, 1976; Ashburner, 1989). In the second 
method, the treated animal is subjected to successive 
matings and the F1 progeny from each mating or "brood" 
are scored (Auerbach, 1951; Luning, 1952; King et al., 
1956; Gonzalez, 1972; Sankaranarayanan and Sobels, 1976). 
A detailed knowledge of gametogenesis is required for 
germ cell sampling. The subject of gametogenesis is 
beyond the scope of this review (for a more detailed 
review, see: Oakberg, 1957; Mahowald and Kambysellis,
1980; Lindsley and Tokuyasu, 1980; Ashburner, 1989);
10
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however, a brief overview of gametogenesis in D. 
melanogaster and the mouse is presented.
Two genetic tests used in the study of germ cell 
stage mutagen sensitivity are the sex-linked recessive 
lethal (SLRL) test in D . melanogaster (Muller, 1927; 
Spencer and Stern, 1948; Muller, 1959; Lee, 1976; 
Abrahamson et al., 1980) and the specific-locus test 
(SLT) in the mouse (Russell, 1951). The SLRL test 
measures 600-800 heritable recessive lethal mutations on 
the X-chromosome (Abrahamson et al., 1980), and the SLT 
measures 7 heritable autosomal recessive visible 
mutations. Historically, the mutation spectrum has been 
divided into chromosome aberrations and "point" 
mutations. Chromosome aberrations include translocations 
and multilocus deletions. Translocations are defined as 
any rearrangement between nonhomologous chromosomes. 
Multilocus deletions or deficiencies are defined as any 
aberrations that include at least two adjacent genes. 
Translocations and deletions are presumed to occur as the 
result of chromosome breaks. "Point" or intragenic 
mutations are defined as a mutation within a gene. The 
percentage of multilocus deletions recovered in D . 
melanogaster or the mouse treated with X-radiation (x- 
rays) varies from 5% to 75% of the total mutations 
recovered, depending upon experimental conditions 
(Painter and Patterson, 1935; Ward and Alexander, 1957;
Russell et al., 1959; Alexander, 1960; Valencia and 
Valencia, 1961; Hochman et al., 1964; Lifschytz and Falk, 
1968; Aaron, 1979; Ashburner et al., 1982; Batzer et al., 
1988; Russell, 1991; Russell and Russell, 1992). The 
spectra of mutations recovered from D. melanogaster or 
the mouse treated with chemical mutagens depends upon the 
chemical used in the treatment and experimental 
conditions (Lee, 1978; Vogel and Natarajan, 1979; Vogel 
et al., 1982; Russell and Russell, 1992).
Gametogenesis in D. melanogaster
In D. melanogaster, spermatogenesis proceeds 
autonomously from the development of somatic tissue 
[Fritz-Niggli, H., 1966 (as referenced by Lee, 1976); 
Ashburner, 1989]. Consequently, the population of a 
specific germ cell stage can vary with larval stage, 
particularly if the larvae are subjected to factors which 
retard growth, when cultured at 25°C, approximately 260 
hr are required for maturation of spermatozoa (Lindsley 
and Tokuyasu, 1980). The spermatogonial stage lasts for 
approximately 60 hr, followed by the primary spermatocyte 
stage, lasting for approximately 9 0 hr (Lindsley and 
Tokuyasu, 1980). The first two larval instars primarily 
contain spermatogonia in their gonadal population, while 
third instar larvae have a mixture of spermatogonia and 
primary spermatocytes (Auerbach, 1951; Gonzalez, 1972;
Lee, 1976; Ashburner, 1989). Meiosis begins
13
approximately 150 hr after the first stem cell division. 
Sixty hours later, spermatids elongate, and after an 
additional 5 0 hr, during the pupal stage, mature into 
sperm (Lindsley and Tokuyasu, 1980; Ashburner, 1989).
Late spermatids and spermatozoa lack DNA repair, and DNA 
damage is repaired in the oocyte (Muller, 1954; 
Sankaranarayanan and Sobels, 1976; Vogel et al., 1982; 
Dusenbury et al., 1983) .
The female D . melanogaster larvae contains 5 to 7 
primordial germ cells, which develop into 50 stem cells 
by the time of pupation (Mahowald and Kambysellis, 1980). 
Stem cells develop into cystocytes (Chandley, 1966; 
Mahowald and Kambysellis, 1980), which proceed through 14 
stages to produce an oocyte and 15 nurse cells (King,
1955). The stage 14 (S14) oocyte remains arrested in 
metaphase-l until fertilization (Mahowald and 
Kambysellis, 1980; Ashburner, 1989).
Gametogenesis in the Mouse
The male mouse is born with over 25,000 primordial 
germ cells (Mintz and Russell, 1957). Spermatogenesis 
begins six days after birth (Mintz and Russell, 1957) , 
and fifty-one days are required for the maturation of 
spermatozoa (Oakberg, 1957; Hitotsumachi et al., 1985). 
Meiosis occurs at approximately day 34, with 15 
additional days required for the development of mature 
sperm (Russell and Shelby, 1985). Beginning in the late
14
spermatid stage, there is no evidence of DNA repair (Sega 
et al. , 1974; Joshi et al., 1990).
Primordial germ cells develop into oocytes in the 
female mouse embryo (Oakberg, 1957). Consequently, the 
mouse, as with most mammals studied, is born with a 
complete population of oocytes (Oakberg, 1957). Oocyte 
maturation takes approximately six weeks (Oakberg, 1957), 
and 12 hr prior to ovulation, the oocyte enters meiosis. 
The female mouse is reproductively mature at 
approximately 2 months of age (Oakberg, 1957). 
DIFFERENTIAL GERM CELL STAGE RADIOSENSITIVITY
Radiosensitivity in female D . melanogaster and 
female mouse germ cells will be described first, followed 
by a description of radiosensitivity in male D . 
melanogaster and male mouse germ cells.
Female Differential Germ Cell Stage Radiosensitivity
Female differential germ cell stage radiosensitivity 
in D . melanogaster was first observed by Mavor in 1924 
(Sankaranarayanan and Sobels, 1976). Precise germ cell 
staging in the oocyte was determined by King (1955), who 
described 14 distinct stages in the oocyte. Subsequent 
work by King and co-workers (1956) found 3 stages with 
differences in radiosensitivity. The most radiosensitive 
stage was the stage 14 oocyte (S14), which exhibited a 
high frequency of dominant lethal mutations, X-chromosome 
loss and a high frequency of SLRL mutations (King et al.,
1956). These 3 classes of mutations were recovered from 
treated S7 oocytes, but the frequency of each was lower 
than the frequency seen in S14 oocytes (King et al. ,
1956). The least sensitive germ cell stage was oogonia, 
in which only SLRL mutations were observed (King et al.,
1956). The increase in S14 radiosensitivity appears to 
be related to the inability of S14 oocytes to repair 
radiation-induced chromosome breaks (Sankaranarayanan and 
Sobels, 1976).
Mouse germ cell stage radiosensitivity is similar to 
that of D . melanogaster. The oogonial stage is the most 
radioresistant (Russell and Russell, 1992). As with many 
organisms, the D . melanogaster S7 oocyte and the immature 
mouse oocyte, arrested in the diplotene stage of meiosis, 
are of intermediate radiosensitivity (King et al., 1956; 
Oakberg, 1957; Mahowald and Kambysellis, 19 80). During 
the diplotene stage of meiotic prophase, the oocytes of 
most organisms are also resistant to cell killing by 
radiation (Oakberg, 1979). However, diplotene mouse 
oocytes are extremely sensitive to cell killing by 
radiation treatment (Straume et al., 1987; Russell and 
Russell, 1992). This difference may be due to a 
reduction in chromosome condensation in the mouse during 
this stage of development (Russell and Russell, 1992) or, 
alternatively, the mouse oocyte plasma membrane may be 
unusually radiosensitive at this time of development
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(Straume et al., 1987). Mature mouse oocytes, as they 
begin the meiotic divisions (particularly metaphase I and 
II), become highly sensitive to the clastogenic effects 
of radiation (Russell and Russell, 1992). This stage is 
analogous to the D. melanogaster S14 oocyte, which is 
arrested in metaphase I (Ashburner, 1989). Seventy-three 
percent of the radiation-induced mutations recovered from 
treated mouse oocytes are multilocus deletions (Russell 
and Russell, 1992) .
In D . melanogaster and mouse female germ cell 
stages, the increase in mutation frequency appears to be 
associated with mutations that result from chromosome 
breaks.
Male Differential Germ Cell Stage Radiosensitivity
In D. melanogaster and the mouse, X-ray-induced 
mutations that result from chromosome breaks are observed 
more frequently in post-meiotic germ cell stages than in 
pre-meiotic germ cell stages (Ward and Alexander, 1957; 
Russell et al., 1959; Alexander, 1960; Valencia and 
Valencia, 1961; Walen, 1962; Hochman et al., 1964;
Lifschytz and Falk, 1968; Russell, 1991; Russell and 
Russell, 1992). Chromosome breaks in pre-meiotic germ 
cell stages result in sterility and germinal selection, 
which may explain the observed decrease in mutation 
frequency (Muller, 1954; Russell, 1956; Sankaranarayanan 
and Sobels, 1976; Russell et al., 1979; Ashburner, 1989).
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The increase in multilocus deletions and translocations 
in both species may be partially explained by a lack of 
DNA repair capabilities in male post-meiotic germ cell 
stages (Muller, 1954; Sega et al., 1974; Sankaranarayanan 
and Sobels, 1976; Dusenbury, 1983; Joshi et al., 1990).
Post-meiotic germ cell stage radiosensitivity has 
been thoroughly studied in D. melanogaster. Luning 
(1952) first demonstrated differential radiosensitivity 
in post-meiotic germ cell stages, by showing that early 
spermatids were more radiosensitive than spermatozoa. 
Auerbach (1951) refined the mating schedule and 
correlated germ cell stage and radiosensitivity more 
precisely. Using Auerbach's techniques, Lefevre and 
Jonsson (1964) established the order of increasing 
radiosensitivity for post-meiotic germ cell stages: late
spermatids; sperm; early spermatids. In addition, the 
SLRL frequency, multilocus deletion frequency and 
translocation frequency also peak during the early 
spermatid stage (Clark, 1955; Oster, 1955; Sobels, 1957; 
Fahmy and Fahmy, 19 64; Sankaranarayanan and Sobels,
1976) .
Conclusion: Germ Cell Stage Radiosensitivity
X-ray-induced chromosome breaks, resulting in 
multilocus deletions and translocations, are primarily 
observed in male and female post-meiotic germ cell stages 
in D . melanogaster and the mouse. Translocations have
been shown to be induced by X-rays with two hit kinetics 
(Muller, 1940); therefore, it is unlikely that they 
influence the SLRL frequency which are induced by single 
hit kinetics (Sankaranarayanan and Sobels, 1976) . In 
addition, an increase in the translocation frequency may 
depress the observed recessive null mutation frequency by 
the induction of aneuploidy, resulting in germinal 
selection (Muller, 1940; 1954). The peak in SLRL and 
multilocus deletion frequencies during the early 
spermatid stage may indicate that the recessive null 
mutation frequency is influenced by the frequency of 
heritable DNA damage most refractory to repair.
Therefore, the SLRL frequency may be influenced by the 
frequency of multilocus deletions.
In order to study the mechanisms of radiation 
action, radiation sources are compared in terms of linear 
energy transfer (LET) and relative biological 
effectiveness (RBE). LET is defined as the energy 
transferred per unit of radiation particle track length 
(kev//xm) (zirkle, 1954). In general, as the LET of a 
test radiation source increases with respect to a 
reference radiation source, the RBE also increases until 
it reaches a maximum and then begins to decrease with 
continued increase in LET of the test radiation source 
(Zirkle, 1954; Caserett, 1968). RBE is determined from 
the ratio of the dose of a test radiation source used to
produce a defined biological response to the dose of a 
reference radiation source used to produce the same 
biological response (Caserett, 1968). The inappropriate 
comparisons of treated germ cell stages with different 
radiosensitivities confounded the interpretation of 
results from earlier studies on the relationship between 
LET and RBE in D. melanogaster (Gonzalez, 1972; 
Sankaranarayanan and Sobels, 1976). Subsequently, when 
methods were established to treat comparable germ cell 
stages, as LET increased, the SLRL frequency was shown to 
increase in male post-meiotic germ cells (Gonzalez, 1972; 
Byrne and Lee, 19 89). The RBE is predicted to increase 
with increasing LET of a radiation source because of the 
production of more locally multiply damaged DNA sites 
with 2 or more lesions (Ward, 1988). Tritium beta 
radiation (tritium) has a mean LET value of 10 kev//zm 
(Feinendegen, 1967), while 100-kVp X-rays have a mean LET 
value of 3 kev/pim (Zirkle, 1954) . Tritium induces a 
greater frequency of SLRL mutations per dose than does X- 
rays (Byrne and Lee, 1989). In order to test the 
hypothesis that the recessive null mutation frequency is 
influenced by the frequency of multilocus deletions, male 
D. melanogaster post-meiotic germ cells (sperm and late 
spermatids) were irradiated with tritiated water. if the 
SLRL frequency is influenced by the frequency of 
multilocus deletions, then the frequency of multilocus
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deletions induced by tritium should be significantly 
greater than that induced by X-rays. Therefore, the SLRL 
frequency and mutation spectrum induced at the alcohol 
dehydrogenase (Adh) locus by tritium were determined and 
were compared to the SLRL frequency and mutation spectrum 
induced by 100-kilovolt potential (kvp) X-rays (Aaron,
19 79; Ashburner et al., 19 82; Chia et al. , 19 85; LoMonaco 
et al., 1987; Mahmoud et al., 1991).
DIFFERENTIAL GERM CELL STAGE CHEMOSENSITIVITY
The relationship between germ cell stage 
radiosensitivity and mutation induction appears to 
involve the cell's ability to restore chromosome breakage 
(Muller, 1954; Sankaranarayanan and Sobels, 1976). In 
contrast, the differential germ cell response to chemical 
mutagens appears to be more complex (Lee, 1975). Some 
chemicals are more mutagenic in gonial stages [i.e. 1,2 
dibromoethane (EDB) and N-ethyl-N-nitrosourea (ENU)], 
while others, such as ethyl methanesulfonate (EMS), are 
more mutagenic in mature germ cell stages (Lee, 19 75; 
Vogel et al., 1982; Ashburner, 1989). The complexity of 
differential germ cell stage chemosensitivity is 
determined by the variety of chemical interactions as 
compared to the direct action of radiation.
The extensive use of EDB in industry and 
agriculture, coupled with evidence of genotoxicity, has 
prompted investigations into the mechanisms of
mutagenesis for this compound (Fishbein, 1979; Zoetemelk 
et al., 1987; Alexeeff et al., 1990). EDB was used 
between 1920 and 1980 as an additive in lead gasoline and 
was used as a fumigant until it was banned in 1983 by the 
Environmental Protection Agency (Alexeeff et al., 1990). 
EDB is highly permeable to polyvinyl chloride, 
complicating the task of protection from exposure 
(Alexeeff et al., 1990). In 1980, EDB was found in 
drinking water in California, Florida and Hawaii, and in 
flour and cake mixes in Florida (Alexeeff et al., 1990).
EDB was shown to produce sterility in rats (Edwards 
et al., 1970) and bulls (Amir and Volcani, 1976; Amir, 
1973) and was shown to reduce sperm motility in papaya 
workers (Schrader et al., 1987). EDB was also shown to 
be mutagenic in a variety of tests, including the SLRL 
test in D . melanogaster (Kale and Baum, 1979; Lee et al., 
1983; Graf et al., 1984; Kramers et al., 1991; Ballering 
et al., 1993) and mammalian tissue culture (Dekant et 
al., 1989; Alexeeff et al., 1990). Kale and Baum (1979) 
demonstrated differential germ cell stage sensitivity of 
EDB using the SLRL test. The EDB-induced SLRL frequency 
was greater in early spermatids, spermatocytes and 
spermatogonia than in late spermatids and sperm. The 
reduction in mutagen sensitivity with germ cell 
development suggested that the mutagenicity of EDB was 
enhanced by bioactivation. Rannug et al. (1978)
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demonstrated that the EDB-induced mutation frequency in 
Salmonella increased in the presence of glutathione (GSH) 
and glutathione-S-transferase (GST). This result, 
coupled with the observation that rat and mouse testes 
have high GST specific activities (MacFarland et al., 
1984), suggested that EDB exposure may be a risk to the 
germ-line. This information prompted studies to 
determine the nature of the EDB-induced DNA adduct.
EDB conjugation to GSH produces an episulfonium ion, 
which reacts with the N?-guanine to produce 
S-(2-(N7-guanyl)ethyl)glutathione DNA adducts (Roberts 
and Warwick 1957; Ozawa and Guengerich, 1983; Humphreys 
et al., 1990). Foureman and Reed (1987) predicted that 
EDB would induce apurinic sites because the primary 
adduct is S-(2- (N7-guanyl)ethyl)glutathione, and 
alkylation of N7- guanine has been shown to result in 
depurination of guanine. However, alkylating agents that 
induce apurinic sites, such as EMS, have been shown to 
induce unscheduled DNA synthesis (UDS) in mouse 
spermatocytes (Sega et al., 1974) and D. melanogaster 
oocytes (Kelley and Lee, 1983), whereas, EDB has not been 
shown to induce UDS in rat spermatocytes in vivo (Working 
et al., 1986) or mammalian tissue culture (Dekant et al.,
1989) .
EDB is toxic (Lee, 1978; Alexeeff et al., 1990), and 
toxicity has limited the induced mutation frequency to
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less than one order of magnitude above the spontaneous 
mutation frequency (Lee, 1982). The interpretation of 
the EDB-induced mutation spectrum would be confounded by 
the presence of a significant frequency of spontaneous 
mutations.
The alkyl halide, 2-chloroethyl methanesulfonate 
(Cl-EMS) has many of the biological and biochemical 
characteristics of EDB, but lacks the toxicity of EDB 
(W.R. Lee, unpublished results). As with EDB, the 
mutation frequency has been shown to be greater in pre- 
meiotic germ cells than in post-meiotic germ cells 
treated with Cl-EMS (Fahmy and Fahmy, 1956; Purdom,
1957), suggesting that it too may require bioactivation. 
Fahmy and Fahmy (1960) demonstrated that a derivative of 
Cl-EMS and GSH conjugation, S-(2-chloroethyl)cysteine, 
was mutagenic in male D. melanogaster. Humphreys et al. 
(1990) demonstrated that S-(2-chloroethyl)cysteine and S- 
(2-chloroethyl)GSH were mutagenic and that S-(2- 
chloroethyl)GSH produced S-(2-(N7-
guanyl)ethyl)glutathione as does EDB (Humphreys et al., 
1990). By treating Ml3mpl8 phage containing the lacZ 
gene in vitro with S-(2-chloroethyl)GSH and transvecting 
the treated phage into E. coli, Cmarik et al. (1992)
analyzed the S-(2-chloroethyl)GSH-induced mutations by 
DNA sequence analysis. They found that 70% of the 
mutations were the result of GC to AT transitions. These
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studies suggest that Cl-EMS may be bioactivated in 
spermatogonia and produce the same adduct in vivo as does 
EDB. Because Cl-EMS lacks the toxicity of EDB, it can be 
used as a "model" mutagen to characterize the mutations 
induced in the germ-line by alkyl halides. Therefore, 
Cl-EMS was used to treat male and female D. melanogaster 
to determine the induced mutation frequency and the 
mutation spectrum.
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THE INFLUENCE OF LARGE DELETIONS ON THE MUTATION 
FREQUENCY INDUCED BY TRITIATED WATER AND X-RADIATION 
IN MALE Drosophila melanogaster POST-MEIOTIC GERM CELLS
INTRODUCTION
Linear energy transfer (LET) was conceptualized by 
Zirkle (1954) as a basis of comparison for different 
radiation sources. LET is defined as the energy 
transferred per unit of radiation particle track length, 
and is expressed in thousands of electron volts per /zm 
(kev//zm) (Zirkle, 1954) . Another basis of comparison is 
relative biological effectiveness (RBE). RBE is 
determined from the ratio of the dose of a test radiation 
source used to produce a defined biological response to 
the dose of a reference radiation source used to produce 
the same biological response (Caserett, 1968). Radiation 
sources with mean LET values that differ by orders of 
magnitude have been compared to determine the RBE for 
various biological responses (Zirkle, 1954; Caserett,
1968). In general, as the LET of a test radiation source 
increases with respect to a reference radiation source, 
the RBE also increases until it reaches a maximum and 
then begins to decrease with continued increase in LET of 
the test radiation source (Zirkle, 1954; Caserett, 1968). 
Quantitation of RBE as a function of LET will depend upon 
the parameters of the comparison, including the 
biological response under study.
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In D . melanogaster, RBE values have been determined 
for various radiation sources and biological responses 
(Gonzalez, 1972; Sankaranarayanan and Sobels, 1976; Byrne 
and Lee, 1989; Ribas, et al., 1992) . One biological 
response used to determine RBE was the percent sex-linked 
recessive lethals (SLRL), a test of germ-line mutation 
frequency. The interpretation of results from earlier 
studies on the relationship between LET and RBE was 
confounded by inappropriate comparisons of treated germ 
cell stages with different radiosensitivities (Gonzalez, 
1972; Sankaranarayanan and Sobels, 1976). When methods 
were established to treat comparable germ cell stages, 
the mutation frequency (%SLRL) was shown to increase as a 
function of increasing LET in male post-meiotic germ 
cells (Gonzalez, 1972; Byrne and Lee, 1989).
An increase in LET may result in DNA damage that is 
more refractory to repair (Lett et al., 1987; Ward, 1988; 
Byrne and Lee, 1989; Ward, 1991). A comparison of the 
mutation spectrum and mutation frequency induced by 
different radiation sources in male D. melanogaster 
post-meiotic germ cells may offer a further explanation 
for the relationship between LET, DNA damage and RBE.
The present study demonstrates the influence of 
multikilobase deletion frequency induced by tritium beta 
radiation (tritium) and X-radiation (X-rays) on mutation 
frequency.
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MATERIALS AND METHODS
D. melanogaster Stocks and Molecular Probes
The D . melanogaster stocks b pr and net cn were made 
homozygous for the second chromosome and maintained as 
stocks. The tritium-induced Adh null mutations were 
maintained as heterozygous stocks balanced over In(2LR)0, 
Cy dplvl AdhnB pr cn2 {Cy(fB) . Adh null mutations were 
given a unique number, following the Baton Rouge 
laboratory designation, BR. Multilocus deficiencies 
(multikilobase deletions) were designated Df(2L)BR# 
(abbreviated BR# in text, figures and tables) and 
intragenic mutations of the Adh locus were designated 
AdhnBR# (abbreviated nBR# in text, figures and tables) 
(Lindsley and Grell, 1967).
D. melanogaster stocks used for complementation 
tests were obtained from the Mid America Stock Centers at 
Bowling Green, Ohio, and Bloomington, Indiana, or were a 
generous gift from Dr. Michael Ashburner, Genetics 
Department of Cambridge University; Cambridge, England.
In addition, 7 new stocks were constructed with the 
Bristle (Bl) phenotype on the In (2LR) 0, Cy dplvI pr cn2 
chromosome to facilitate complementation test scoring.
DNA probes used in the molecular mapping of deletion 
break-points were obtained from lambda clones of the 
chromosome walk performed by McGill et al. (19 88) and
Davis et al. (1990). These clones were generous gifts of
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Dr. M. Ashburner, Genetics Department of Cambridge 
University; Cambridge, England.
Chemicals and Enzymes
Tritiated water with a specific activity of 3.7 
GBq/g was obtained from New England Nuclear. 1-Methyl-1- 
nitrosourea (MNU) CAS number 684-93-50, lot number 84F- 
0533-1, and l-ethyl-l-nitrosourea (ENU) CAS number 
759-73-9, lot number 113F-0181-1 were purchased from 
Sigma Corp. Ethyl methanesulfonate (EMS) CAS number 
60-50-0 was purchased from Eastman. Restriction 
endonucleases were purchased from BRL and Boehringer 
Manneheim. Agarose was purchased from Bethseda Research 
Laboratories. Zetaprobe membranes were purchased from 
Biorad. Formamide was purchased from BRL. 32P-alpha 
dATP was purchased from New England Nuclear.
Induction of Mutations by Tritium
Mutations were induced at the Adh locus in D. 
melanogaster using the procedures and dosimetry developed 
by Byrne and Lee (19 89). One hundred 3- to 6-day old 
male flies were placed in treatment vials that contained 
0.8 ml of a 1% sucrose/tritiated water (259 MBq/ml) 
solution applied to glass fiber filter supports for 48 
hr, with a transfer to fresh treatment vials after 24 hr. 
The flies were then transferred to regular Drosophila 
media and held for an additional 24 hr. As previously 
determined (Byrne and Lee, 1989), approximately 98% of
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the tritiated water exchanged with the environment within 
the 24 hr holding period. The 259 MBq/ml tritiated water 
exposure produced a dose to the fly of 12.8 Gray (Gy) 
(Byrne and Lee, 1989) .
Induction of Mutations by Monofunctional Alkylating 
Agents
ENU mutations were induced with 5.0 mM ENU (Batzer 
et al., 1988). Mutation BR3 was induced with 10 mM EMS; 
BRH5 and BR133 were induced with 5.0 mM and 7.5 mM MNU, 
respectively.
Recovery of Adh Null Mutations
In order to restrict the sampling to post-meiotic 
germ cells (mature sperm and late spermatids), males were 
allowed to mate with virgin females for 5 days.
Mutations were selected in the F,^ generation over Adhtn23 
pr cn bvP / CyO AdhnB pr cn2; Adhfn23 and AdhnB were 
hemizygously viable over the large deficiency Df(2L)64j. 
The mutations were selected using i-penten-3-ol treatment 
according to the method of Sofer and Hatkoff (19 72) and 
Aaron (19 79) . The numbers of F2 progeny were calculated 
by determining the weights of non-survivors. One hundred 
flies weighed 70.1 mg, determined from an average of 
three samples of 2000 flies. Using procedures described 
in Fossett et al. (1990), the presence of pre-existing
Adh null mutations on either of the treated chromosomes 
was deemed unlikely. Newly induced Adh null mutations
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were maintained as a stock balanced over CyO AdhnB pr cn2 
(Batzer et al., 1988; Fossett et al., 1990).
The Adh specific locus test was used for the study 
of the mutation spectra because this test can recover a 
wide range of DNA alterations. The Adh gene is flanked 
by 2 genes essential for life, l(2)35Ba and l(2)35Bb 
(Chia et al., 1985a; McGill et al., 1988; Davis, et al.,
1990); therefore, the treated chromosome was balanced 
with an Adh null mutation that complements the flanking 
lethal mutations (Aaron, 1979). The ability to recover 
large multilocus deletions was demonstrated by the 
recovery of a deletion that was larger than a 
centimorgan, Df(2L)64j balanced with an intragenic Adh 
null mutation (Fossett et al., 1990). Three of the 
multilocus deletions recovered in this study have 
break-points that extend beyond the deleted region of 
Df(2L)64j, confirming the effectiveness of the Adh locus 
for the recovery of large deletions. The genetic and 
molecular analysis of mutations was facilitated by the 
extensive characterization of the Adh locus and the 
flanking regions. This region of approximately 400 kb 
has been molecularly mapped from l(2)34Fb at -300 kb to 
outspread (osp) at +9 0 kb as shown in Fig. 1 (Chia et 
al., 1985a; McGill et al., 1988; Davis et al., 1990).
The location of Adh, within an intron of the osp locus, 
facilitated the rapid identification of multilocus
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Fig. l. Genetic map of tritium-induced multikilobase deletions. Horizontal 
lines represent deletions. Vertical lines delineate deletion break-points. 
Approximate positions of the physical map (McGill, et al., 1988; Davis, et 
al., 1990) and cytological map (Lindsley and zimm, 1992) are included.
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deletions. The disruption of the osp gene by 
multikilobase deletions can be quickly observed using 
genetic complementation tests. In addition, a detailed 
genetic map of the second chromosome region from nubbin 
{nub) to the essential locus l(2)35Fa allowed for genetic 
mapping of deletion break-points (Chia et al., 1985a; 
McGill et al., 1988; Davis et al., 1990).
Genetic Complementation Analysis
Twenty-three tritium, 14 ENU- (Batzer et al., 1988; 
Fossett et al., 1990), 6 MNU- and 3 EMS-induced Adh null 
mutations were maintained as stocks balanced over 
In (2LR) O, Cy dplvl AdhnB pr cn2 (CyO"B) . All 2 3 
tritium-induced mutations, 3 of 14 ENU-induced mutations 
(Batzer et al., 1988; Fossett et al., 1990), 2 of 6 
MNU-induced mutations and 1 of 3 EMS-induced mutations 
were determined to be multilocus deletions by their 
failure to complement osp (Tables l and 2). These 
mutations were crossed to four specific locus mutations 
near the Adh locus (Fig. 2). Deletions that failed to 
complement l(2)35Ba to the left and/or l(2)35Bb to the 
right (Fig. 2) were mapped with the stocks from the 
genetic map of Ashburner (personal communication) using a 
binary sort algorithm.
Genetic complementation testing was performed using 
stocks which carry one of the recessive loci described in 
the genetic map of Ashburner (personal communication).
TABLE 1
GENETIC COMPLEMENTATION DATA FOR TRITIUM-INDUCED 
MUTATIONS
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Adh Null 
Mutation
1 (2) 35Ba noc osp 1(2)35Bh
BR100 _ _ - +
BR101 - - - -
BR102 - - - -
BR103 - - - -
BR105 + + - -
BRIO 6 + + - -
BRIO 7 + + - -
BR116 - - - -
BR117 - - - +
BR118 - - - -
BR119 + + - +
BR12 0 - - - -
BR121 + + - +
BR122 + + - -
BR123 + + - -
BR124 - - - -
BR125 - - - -
BR126 + + - -
BR127 + + - +
BR128 + + - -
BR129 + - - -
BR13 0 - - - -
BR131 - - - -
+, Complementary
Non-complementary
TABLE 2
GENETIC COMPLEMENTATION DATA FOR DELETIONS INDUCED BY 
ALKYLATING AGENTS
Adh Null 
Mutation
1 (2) 35Ba noc osp 1 (2) 35Bh
ENU
BR41 - - - +
BR55 - - - -
BR111 + + - +
MNU
BR115 - - - -
BR133 - - - -
EMS
BR3 - - - -
+, Complementary 
-, Non-complementary
l(2)35Ba noc 4 a osp 
| •**«!----
l(2)35Bb
r  r i i
A d h
Fig. 2. Schematic representation of Adh and adjacent loci. Adh is depicted as 
being within an intron of the osp locus. Only the noc4 allele was used in this 
study, which maps to a single complementation unit, nocA.
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Most of the loci in the Adh region of the second 
chromosome were essential loci; therefore, in order to 
map the deletion break-points, loci must be tested 
individually. Two lethal loci carried on the same 
chromosome can confound the interpretation of the 
deletion break-point. The break-points were verified by 
a second test with a duplicate stock.
The genetic background of some stocks used in this 
study resulted in a variable expression of the Curly (Cy) 
phenotype. The difficulty of consistently distinguishing 
between Cy and wild type wings necessitated the addition 
of a dominant marker to some of the tester stocks. This 
was accomplished by crossing tester stocks with 1(2)34 De 
Adhun ref pr cn / In (2LR) 0, Cy dplvI pr B1 cn2 and 
recovering Bristle (Bl) males and virgin females in the 
Fx generation. These siblings were subsequently mated to 
produce a new tester stock with dominant markers, Cy and 
Bl, on the balancer chromosome.
Molecular Mapping of Deletion Break-Points Using Southern 
Blot Analysis
Southern blot analysis was performed according to 
the methods of Batzer et al. (1988) with the following
modifications. Genomic DNA was restricted with Xbal and 
Avail restriction endonucleases. After electrophoresis, 
the gel was denatured in 0.2 N NaOH and 0.5 M NaCl for 3 0 
min, followed by two consecutive neutralizations in 5X 
TAE for 10 min and one equilibration with 10X SSC for 10
min. DNA was then transferred from the agarose gel to a
Zetaprobe transfer membrane using capillary action
(Maniatis et al., 1982). The Zetaprobe membrane was
rinsed in IX TAE and heated to 80°C for 2 hr. The
membrane was pre-hybridized in 4X SSPE, 1% SDS, 50%
formamide and 10 mg/ml of dry milk (Joey mix) for l hr at
42°C. The 32P-labeled probe was hybridized in Joey mix
for 24 hr at 42°C. Excess 32P-labeled probe was washed
off using Joey mix. The Zetaprobe membrane was sealed in
a plastic bag and an autoradiograph was produced.
Determination of Linear Regression Coefficients for 
X-ray- and Neutron-Induced SLRL Dose-Response Data
Aaron (1979) reported the %SLRL determined for 3 X- 
ray dose levels (5, 10 and 30 Gy). These values were 
corrected for coincidence of events and spontaneous 
mutation frequency. These data, in addition to 
neutron-induced SLRL dose-response data of Gonzalez 
(1972), were processed using the SAS/STAT GLM procedure 
(SAS Institute Inc., 1989) to determine the regression 
coefficient and coefficient of determination.
RESULTS
Adh null mutations were induced in male D. 
melanogaster post-meiotic germ cells (mature sperm and 
late spermatids) with tritiated water using procedures 
and dosimetry developed by Byrne and Lee (1989). Byrne 
and Lee (19 89) measured the %SLRL in response to the 
absorbed tritium dose (expressed in units of Gy) and
reported a linear dose-response curve (6.4 to 25.5 Gy) 
that extrapolated to the origin. A dose of 12.8 Gy 
induced 23 Adh null mutations, selected using the method 
of Sofer and Hatkoff (1972). These mutations were 
recovered from 82,890 Fj flies, producing a frequency of 
2.8 X 10~4 mutations/gene/generation. This mutation 
frequency is 160 times the historical spontaneous 
mutation frequency (1.7 X 10"6
mutations/gene/generation), assuming 700 SLRL loci 
(Abrahamson et al., 1980) and a historical SLRL 
spontaneous mutation frequency of 0.12% (Lee et al.,
1983). The spontaneous SLRL mutation frequency is within 
the statistical limits of the spontaneous mutation 
frequency at the Adh locus, determined from 2 mutations 
recovered from 465,000 progeny, producing a frequency 
of 4.2 + (2.9) X 10'6 mutations/gene/generation (Aaron,
19 79). The observed mutations should be the result of 
tritium induction rather than spontaneous mutation, 
because only an average of 0.14 spontaneous mutations 
should occur in 82,890 F1 progeny. A conservative 
estimate of the upper limit of the spontaneous SLRL 
mutation frequency was 4.2 X 10"G
mutations/gene/generation (Lee et al., 1983); therefore, 
only an average of 0.35 mutations of spontaneous origin 
should occur in 82,890 F1 progeny. Mutations were 
maintained as a stock balanced over CyO, AdhnB pr cn2.
Initial characterization of the 23 tritium-induced 
mutations was performed using genetic complementation 
tests. Adh has been mapped to a single complementation 
unit of the osp locus (Ashburner et al., 1982), and Adh 
null mutations consisting of deletions or duplications 
within the coding sequence of the Adh gene have not 
disrupted the function of the osp gene (Benyajati et al., 
1983; Chia et al., 1985b; Mahmoud et al., 1991).
Therefore, the Adh locus is believed to be located within 
an intron of the osp locus (Fig. 2). Mutations that 
complemented the osp locus were classified as intragenic 
mutations, whereas mutations that did not complement the 
osp locus were classified as multilocus deletions and 
were subjected to further complementation analysis using 
3 adjacent loci (no ocelli (noc), l(2)35Ba and l(2)35Bb) 
(Fig. 2). All 23 tritium-induced mutations were 
determined to be multikilobase deletions (> 1 kb), and 
the complementation analyses are listed in Table l. In 
contrast, 100-kilovolt potential (kvp) X-rays induced Adh 
null mutations in male post-meiotic germ cells (Aaron, 
1979) that contained l single nucleotide base 
substitution, 7 intragenic deletions (< l kb) and 19 
multikilobase deletions (Aaron, 1979; Ashburner et al., 
1982; Chia et al., 1985b; LoMonaco et al., 1987; Mahmoud 
et al., 1991). A statistical difference (Chi-square = 
6.1; df = 1; P = 0.025) was observed between the
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frequency of intragenic mutations (0/23) induced by 12.8 
Gy of tritium and the frequency of intragenic mutations 
(8/27) induced by 5, 10 and 30 Gy of 100-kVp X-rays. As 
with the Adh null mutations induced by tritium, Aaron
(1979) induced these 27 mutations using 100-kVp x-ray 
dose levels that were within the linear range of the SLRL 
dose-response curve. The mutation frequency should be 
influenced by the frequency of DNA damage that is most 
refractory to repair. If the mutation spectrum changes 
significantly at a given dose, then the mutation 
frequency should change and the curve will no longer be 
linear. Therefore, the mutation spectrum of a given 
mutagen is expected to be the same at various dose levels 
within the linear range of a dose-response curve. The 
spectrum of Aaron's (1979) X-ray-induced Adh null 
mutations is not inconsistent with this assumption. A 
statistical difference was not observed among the spectra 
recovered at each of the three dose levels (Table 3). 
Therefore, the results from these two data sets may be 
compared.
Deletion break-points for 20 tritium-induced 
deletions (3 were lost) were determined using genetic 
complementation tests with specific loci (Fig. l). These 
loci have been mapped to specific salivary chromosome 
bands (Lindsley and Zimm, 1992). The minimum number of 
chromosome bands that were deleted by 100-kVp x-rays and
TABLE 3
CHI-SQUARE CONTINGENCY TEST FOR HOMOGENEITY OF MUTATION
SPECTRA INDUCED AT 5, 10 AND 3 0 GY OF X-RAYSa
Dose(Gy)
Mutations
5 10 30
Totals
Multikilobase
Deletions
Observed 3 5 11 19
Expected 4 .22 4 . 22 10 . 56 19
Deviation -1.22 0 . 78 0 . 44 0 .00
Chi-square 0 .35 0 . 14 0 .018
intragenic
Observed 3 1 4 8
Expected 1. 78 1. 78 4 . 44 8
Deviation 1. 22 -0 . 78 -0 .44 0 .00
Chi-square 0 . 84 0 . 34 0 . 04
Totals 6 6 15 27
aData from Aaron (1979); Ashburner et al. (1982). 
Chi-square = 1.73; df = 2; P = 0.45
tritium was determined by counting the number of bands 
between the loci at the limits of the deletion 
break-points. The number of bands deleted was divided 
into 4 categories: 1-4 bands, 5-10 bands, 11-20 bands
and greater than 20 bands. A Chi-square contingency test 
was performed on the numbers of X-ray and tritium 
deletions in each category; deletion size distribution 
did not differ significantly (Chi-square = 3.66; df = 3;
P = 0.45; Table 4). The average number of bands deleted 
by tritium or x-rays was 11. The average size of the 
multikilobase deletions induced by X-rays or tritium was 
estimated to be 440 kb by assuming 10 chromosome bands 
contain approximately 400 kb. The average size of the 
intragenic lesion induced by X-rays was 43 bp (Table 5),
4 orders of magnitude smaller than the average size of 
the multikilobase deletions induced by either tritium or 
X-rays.
The Adh null mutation spectra induced by three 
different alkylating agents (ENU, MNU and EMS) was 
compared with the mutation spectra induced by ionizing 
radiation. Three of 14 ENU-induced mutations were 
multikilobase deletions (Batzer et al., 1988; Fossett et 
al. , 1990). Genetic complementation analysis using 
1(2)35Ba, noc, osp and l(2)35Bb demonstrated that 2 of 6 
MNU- and l of 3 EMS-induced mutations were deletions 
(Table 2). These multikilobase deletions were
TABLE 4
CHI-SQUARE CONTINGENCY TEST FOR HOMOGENEITY OF TRITIUM- 
AND X-RAY-INDUCED MULTIKILOBASE DELETION SIZE
Bands
Deleted X-rays
Treatment
Tritium
Totals
1-4 6 3 9
Observed 4 . 3 4 . 62 9
Expected 1.62 -1. 62 0 . 00
Deviation 0 . 60 0 . 57
Chi - square 
5-10
Observed 1 5 6
Expected 2.92 3 .08 6
Deviation -1. 92 1. 92 0 .00
Chi - square 1.26 1.21
11-20
Observed 7 7 14
Expected 6.82 7 . 18 14
Deviation 0 .18 -0.18 0 . 00
Chi - square 0.005 0 . 005
>20
Observed 5 5 10
Expected 4 .87 5 . 13 10
Deviation 0 . 13 -0 . 13 0 . 00
Chi - square 0 . 003 0 . 003
Totals 19 20 39
Chi-square = 3. 66; df = 3; P = 0.30
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TABLE 5
AVERAGE SIZE OF X-RAY-INDUCED Adh INTRAGENIC LESIONS3 
  Adh Null Mutations Size of DNA Lesion (bp)
nLA2 21
nLA73 10
nLA74 2
nLA80 1
nLA24 8 250
nLA249 9
nLA2 52 9
Total 7b 302
Mean 43
aDNA sequence analysis for the intragenic mutations was 
determined by the following authors: nLA248, Chia et
al. (1985b); nLA252, LoMonaco et al. (1987); nLA2,
nLA73, nLA74, nLA80, nLA249, Mahmoud et al. (1991).
bDNA sequence analysis was determined for 7 of the 8 
intragenic mutations induced by Aaron (19 79), nLA3 78 
was lost.
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characterized in order to provide a basis of comparison 
with multikilobase deletions induced by tritium and X- 
rays. The genetic break-point map of the 6 deletions 
induced by alkylating agents is shown in Fig. 3; BR41 and 
BR55 were initially mapped by Ashburner (personal 
communication). All but one of these six multilocus 
deletions are greater than 300 kb.
The twenty deletions induced by tritium and the 6 
deletions induced by alkylating agents were not likely 
the result of inversions for the following reasons.
First, in the course of determining the deletion 
break-points, a minimum of 7 and an average of 11 
intervening specific loci were tested. None of the 
intervening loci complemented any of the multilocus 
deletions; therefore, it is unlikely that a multilocus 
deletion was the result of an inversion. Second, 
deletions BRin, BR119, BR121, and BR127 have been mapped 
using Southern blot analysis (data not shown) over a 
distance of 40 kb (Fig. 4) as described in Materials and 
Methods. These deletions failed to complement osp and 
Adh but did complement the loci adjacent to osp (Tables 1 
and 2). Complementation analysis alone could not 
determine whether these four mutations were the result of 
small inversions that disrupted regions in both loci, or 
whether they were deletions. Southern blot analysis
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Fig. 4. Map of molecular probes used to determine the deletion break-points. 
These four probes are from the molecular map of the second chromosome (McGill 
et al., 1988; Davis, et al., 1990). This region, from -30kb to lOkb, is an ' 
enlarged version of the same region delineated in Figs. l and 3.
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showed that in each case approximately 40 kb of DNA, 
including the Adh locus, was deleted.
D I S C U S S I O N
Twenty-three Adh null mutations were recovered from 
the Fx progeny of male D . melanogaster post-meiotic germ 
cells treated with tritiated water. All 23 mutations 
were multikilobase deletions. This result is 
significantly different from Aaron's (1979) results for 
100-kVp X-ray-induced Adh null mutations in male D. 
melanogaster post-meiotic germ cells (19 of 27 mutations 
were multikilobase deletions). The different mutation 
spectra induced by tritium and 100-kVp X-rays may explain 
the increased SLRL frequency per absorbed dose for 
tritium (Byrne and Lee, 1989) as compared to 100-kVp 
X-rays (Aaron, 1979). The basis for both the SLRL test 
and the Adh specific locus test is selection of recessive 
null mutations. These mutations were induced in sperm 
and late spermatids, which lack DNA repair. Repair of 
DNA damage occurs in the untreated egg after 
fertilization (Muller, 1954; Sankaranarayanan and Sobels, 
1976; Dusenbery et al., 1983). Consequently, DNA repair 
capabilities in the egg will remain constant at different 
dose levels and between genetic tests. In both genetic 
tests, under similar experimental conditions, the 
spectrum of mutations induced by a radiation source
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should be the same; therefore, comparison of results from 
both genetic tests is possible.
Aaron (1979) measured the %SLRL in response to 100- 
kVp X-ray dose levels of 5, 10 and 30 Gy. A linear 
regression of these data forced through the origin 
produced a regression coefficient of 0.36 and a 
coefficient of determination of 0.99 (Materials and 
Methods). Using similar dose levels of tritium, Byrne 
and Lee (1989) reported a regression coefficient of 0.52 
and a coefficient of determination of 0.99 for SLRL dose- 
response data forced through the origin. An RBE value of
1.4 was obtained by dividing the regression coefficient 
determined for the tritium data by the regression 
coefficient determined for the X-ray data.
In a recessive null mutation assay, the mutation 
frequency should be influenced by the frequency of DNA 
damage that is most refractory to repair. The average 
size of the multikilobase deletions induced by tritium or 
10 0-kVp X-rays was 4 orders of magnitude greater than the 
average size of the 10 0-kVp X-ray-induced intragenic 
mutations. If the probability of disrupting the recorder 
gene is related to the size of the DNA lesion, then 
multikilobase deletions should have a higher probability 
of producing recessive null mutations than single 
nucleotide base substitutions or intragenic deletions. 
Therefore, within the limits of viability, multikilobase
deletions are more likely to be recovered in a null 
mutation assay than are intragenic mutations. 
Consequently, the mutation frequency (%SLRL) should be 
influenced by the relative frequency of multikilobase 
deletions. In fact, the ratio of the frequency of 
multikilobase deletions induced by tritium (23/23 or 1.0) 
to the frequency of multikilobase deletions induced by 
100-kVp X-rays (19/27 or 0.7) is 1.4, which is 
numerically similar to the RBE (1.4) of these two 
radiation sources.
The Relationship Between LET, Multikilobase Deletion 
Frequency and Mutation Frequency
In male D. melanogaster post-meiotic germ cells, RBE 
has been shown to increase as the LET value of a test 
radiation source increases (Gonzalez, 1972; Byrne and 
Lee, 1989). A relationship should exist between the LET 
value of a radiation source and the spectrum of mutations 
induced by the radiation source. Tritium beta particles 
have an energy of 5.6 keV and an average range in water 
of only 0.56 pim (Feinendegen, 1967) . A mean LET value of 
10 keV//zm is estimated for tritium because the total 
energy of the particle is deposited within the target 
tissue. The LET value of X-rays is more difficult to 
determine because the radiation is not monoenergenic 
(ejected electrons range from high energy X-rays, which 
produce essentially 100% Compton recoil electrons, to low 
energy X-rays, which produce essentially 100%
photoelectrons) (Zirkle, 1954). Zirkle (1954) determined 
a mean LET value of 2.5 kev/^m for 200- to 250-kVp X-rays 
and 3 keV//xm for 100-kVp X-rays, depending on filtration 
and other factors. Energy transferred, primarily in the 
form of ion pairs, will interact with DNA and produce 
localized areas of damage, termed locally multiply 
damaged sites (LMDS) by Ward (1986). Lower-LET radiation 
induces LMDS with fewer damaged sites within a single 
LMDS, and greater spacing between sites within each LMDS, 
than does higher-LET radiation (Ward, 1988). Widely 
spaced damage should be more readily repaired because of 
the undamaged complementary DNA strand (Ward, 1991). 
However, as LET increases, the number of sites within a 
LMDS will increase, producing increased DNA damage in a 
localized area (Ward, 1988). This should result in error 
prone repair and/or strand breakage due to destruction of 
both strands of DNA by extensive damage in one area 
(Ward, 1988). Therefore, the frequency of multikilobase 
deletion induction should increase as LET increases.
The relative multikilobase deletion frequency (1.4) 
induced by tritium and 100-kVp X-rays (Aaron, 1979) was 
compared to the RBE (1.4) determined from the tritium 
(Byrne and Lee, 1989) and 100-kVp X-rays (Aaron, 1979) 
dose-response data rather than the RBE (2.1) determined 
by Byrne and Lee (1989) from the tritium and 250-kVp 
X-ray-induced SLRL dose-response data of Gonzalez (1972),
for the following reasons. First, Gonzalez (1972) used 
250-kVp X-rays, 2 0 mA with a 0.5 nun copper filter and 1.0 
nun aluminum filter and Aaron (1979) used 100-kVp x-rays,
6 mA with a l mm aluminum filter. Therefore, the mean 
LET value for x-rays used by Gonzalez (1972) was most 
likely lower than that used by Aaron (1979); however, a 
more precise determination of the mean LET value is not 
possible because the filtration characteristics of the 
individual X-ray tubes were not specified. Byrne and Lee
(1989) reported an RBE of 2.1 determined from the ratio 
of the dose-response regression coefficient for tritium 
and the 250-kVp X-ray data of Gonzalez (1972). This RBE 
appears to be higher than the RBE (1.4) determined from 
the regression coefficients of the tritium (Byrne and 
Lee, 1989) and 100-kVp X-ray (Aaron, 1979) dose-response 
data. Lower-LET 250-kVp X-rays may induce a lower 
frequency of multikilobase deletions than 100-kVp x-rays, 
which would explain the apparent difference in RBE.
Second, Gonzalez (1972) treated primarily sperm cells, 
while Aaron (1979) and Byrne and Lee (1989) used a 
mixture of sperm and less radiosensitive late spermatids 
(Sankaranarayanan and Sobels, 19 76).
Single Hit Kinetics and the Induction of Multikilobase 
Deletions
DNA mutations induced and recovered in vivo are 
fixed during replication or during error-prone repair.
In the absence of detailed mechanistic studies, it is not
possible to assign specific mechanisms to mutation 
induction. Instead, the mutation spectra, obtained under 
similar experimental conditions, can be compared and 
inferences drawn regarding possible mechanisms of 
mutation induction. The spectra of Adh null mutations 
were induced with X-ray and tritium dose levels within 
the linear range of respective dose-response curves that 
extrapolate to the origin; therefore, the induction of 
multikilobase deletions must be explained in the context 
of single hit kinetics.
Tritium has an average track length of 0.56 /xm 
(Feinendegen, 1967), and most of the tritium ionization 
energy required for covalent bond breakage is distributed 
over a linear path length equal to approximately 1.6 kb 
of linear B-form DNA (3.4 nm per 10 base pairs).
However, tritium induces deletions in excess of hundreds 
of kb. in D . melanogaster, DNA is packaged into the 
sperm head, which measures 0.3 by 9 /xm (Lindsley and 
Tokuyasu, 1980). A single 0.56 /xm tritium beta particle 
ionization track passing through the 0.3 /xm width of the 
sperm head may produce 2 or more chromosome breaks in 
structurally proximal regions of DNA (Herskowitz, 1952). 
When these breaks are joined, intervening sequences of 
DNA would be deleted. The LET from heterochromatic 
X-rays will increase towards the end of the photon track 
(Ward, 1991) . The germ cells treated with X-rays will be
exposed to photons with a range of LET values, unlike 
germ cells exposed to tritium. A single, high energy, 
low-LET photon of X-rays was most likely responsible for 
the induction of intragenic Adh null mutations as a 
result of a single LMDS. The low energy, high-LET 
component was most likely responsible for the induction 
of multikilobase deletions in the manner of tritium as 
described above. Multikilobase deletions induced by 
alkylating agents most likely require multiple adducts to 
induce multiple chromosome breaks; therefore, a dose in 
the linear range of the dose-response curve should not 
induce multikilobase deletions. The ENU-induced 
multikilobase deletions were most likely the result of a 
non-linear component of the dose-response curve (Fossett 
et al., 1990).
The Upper and Lower Limit of the Relationship Between 
Multikilobase Deletion Frequency and Mutation Frequency
Gonzalez (1972) determined the SLRL dose-response 
curve for 0.68 MeV neutrons, which have a higher mean LET 
value than tritium. These data can be used to examine 
further the hypothesis concerning the relationship 
between the relative frequency of multikilobase 
deletions and RBE determined from the SLRL dose-response 
data. In general, as LET increases the RBE also 
increases until it reaches a maximum and then begins to 
decrease with continued increase in LET of the test 
radiation source (Zirkle, 1954; Caserett, 1968). If the
mutation frequency (RBE) increases with increasing 
multikilobase deletion frequency, then as the 
multikilobase deletion frequency approaches unity, the 
mutation frequency should reach a maximum value and then 
decrease as the LET of a radiation source continues to 
increase. As described above, the multikilobase deletion 
frequency for tritium was 1.0, the point that the 
mutation frequency per Gy should approach a maximum 
value. With a further increase in LET, mutation 
frequency should begin to decrease. This is supported by 
a calculation of the RBE (0.85) of neutrons and tritium, 
determined from the ratio of their respective SLRL dose- 
response regression coefficients, 0.44 [(Gonzalez, 1972); 
(Materials and Methods)], and 0.52 (Byrne and Lee, 1989). 
This decrease in RBE below unity may be attributed to 
increased DNA damage to a single cell by high-LET 
neutrons, resulting in an increase in cell death and 
subsequent reduction of mutation frequency (Zirkle, 1954; 
Caserett, 1968). Therefore, as the multikilobase 
deletion frequency approaches 1.0, the relationship 
between multikilobase deletion frequency and mutation 
frequency may be confounded.
In order to further determine the relationship 
between multikilobase deletion frequency and mutation 
frequency, the mutation spectra for two radiation sources 
with multikilobase deletion frequencies of less than 1.0
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should be compared with the SLRL mutation frequencies. 
Byrne and Lee (1989) reported a regression coefficient of 
0.19 and a coefficient of determination of 0.99 for 60Co 
y radiation-induced SLRL dose-response data. Zirkle 
(1954) determined the mean LET value of high energy y 
radiation to be approximately 0.35 keV/^m, depending on 
filtration and other factors. As with X-rays, the y ray 
LET value will be deposited over the length of the track, 
with LET values near the end of the track in excess of 
that observed for X-rays. Lower mean LET 60Co y 
radiation should induce fewer multikilobase deletions and 
more intragenic mutations at the Adh locus than were 
induced with 100-kVp X-rays by Aaron (1979). If the 
relationship between multikilobase deletion frequency and 
mutation frequency is directly proportional, then the RBE 
determined from the 60Co y radiation-induced SLRL data 
would predict a multikilobase deletion frequency at the 
Adh locus of (0.19/0.36) X 19 or approximately 10 
multikilobase deletions in a sample of 27 Adh null 
mutations.
As the frequency of multikilobase deletions 
approaches a lower limit, the relationship between 
multikilobase deletion frequency and mutation frequency 
may also become confounded due to the overlap of 
multikilobase deletions induced by one hit kinetics and 
two hit kinetics. Multikilobase deletions that may be
the product of two hit kinetics can be induced at a dose 
in the upper range of the linear dose-response curve 
(Fossett et al. , 1990). The frequency of mutations 
induced by the dose dependent term should vary with the 
square of the dose and thus be observed at a low 
frequency. However, multikilobase deletions can be 
observed at a higher frequency than is predicted by the 
dose squared term because they are at least one order of 
magnitude more likely to be detected than single 
nucleotide base substitutions or small deletions. This 
is illustrated by the dose-response data and mutation 
spectra induced by alkylating agents. Multikilobase 
deletion BR3 (Fig. 3) was induced with a dose of EMS in 
the linear range of a dose-response curve (Aaron and Lee, 
1978; Lee et al., 199 0) . Eleven Adh null mutations, two 
were multikilobase deletions (BR55 and BRlll, Fig. 3), 
were induced with a dose of ENU that is within 
statistical limits of a linear dose-response curve that 
extrapolated to the origin (Fossett et al., 1990; Lee et 
al., 1990). These three multikilobase deletions are 
comparable in size to those induced by X-rays and tritium 
(Figs. 1 and 3); thus, they are probably at least as 
likely to be detected as those induced by X-rays and 
tritium. Therefore, as the frequency of multikilobase 
deletions approaches zero, reliance on the linearity of 
the dose-response curve may not be sufficient to insure
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that multikilobase deletions are the result of single hit 
kinetics, particularly, if they are induced at a high 
dose level in the linear range of the curve (Goodhead, 
1988). Rather, it should be demonstrated that the 
multikilobase deletion frequency is observed at several 
dose levels within the linear range of a dose-response 
curve.
The upper and lower limit of the relationship 
between multikilobase deletion frequency and mutation 
frequency may represent areas of transition from one 
level of risk to another risk level. At the lower limit, 
a transition from multikilobase deletions resulting from 
two hit kinetics to multikilobase deletions resulting 
from single hit kinetics may occur. Multikilobase 
deletions that result from single hit kinetics may be 
induced at lower radiation dose levels, and therefore, 
pose a greater risk to the population. At the upper 
limit of this relationship, as the multikilobase deletion 
frequency approaches 1.0, transition to another form of 
risk occurs. While the mutation frequency may decrease, 
cell death, infertility and conditions associated with 
chromosomal aneuploidy may increase.
The frequency of multikilobase deletion induction 
may explain the increased mutation frequency induced by a 
radiation source of higher mean LET versus one of a lower 
mean LET value, and therefore, the higher RBE.
Multikilobase deletions may have a greater impact on the 
F1 viability because of the increased probability of 
disrupting a locus that is refractory to complementation 
by a second allele. Multikilobase deletions have been 
observed in human de novo germ-line mutations 
(Mohrenweiser and Jones, 1990; Sankaranarayanan, 1991) 
and human genetic disease (Henthorn et al., 1986; Canning 
and Dryja, 1989; Fukuhara et al., 1990; Mohrenweiser and 
Jones, 1990; Sankaranarayanan, 1991; Chen et al., 1993); 
therefore, they represent an important aspect of the 
human mutation spectrum. While cases exist in which 
deletions of the entire gene are actually less 
detrimental than point mutations due to dominance (Mukai 
et al., 1972), on the average large deletions will 
probably have a greater negative impact on the F1 
generation, because they have a greater probability of 
disrupting the recorder locus than single nucleotide base 
substitutions or small deletions (Eeken and Sobels,
1990).
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2 -CHLOROETHYL METHANESULFONATE MUTATIONS INDUCED IN 
Drosophila melanogaster PRE-MEIOTIC GERM CELLS
INTRODUCTION
Alkyl halides are widely distributed in the 
environment (Zoetemelk et al., 1987; Alexeeff et al.,
1990). In Drosophila melanogaster and other tester 
systems, l,2-dibromoethane (EDB) and l,2-dichloroethane 
(EDC) have been shown to be mutagenic (Kale and Baum, 
1981; Lee, 1982; Graf et al., 1984; Working et al. , 1986;
Alexeeff et al., 1990; Kramers et al., 1991; Ballering et 
al. , 1993). In addition, these alkyl halides are more 
mutagenic in pre-meiotic germ cells than in post-meiotic 
germ cells (Kale and Baum, 1981; Kramers et al., 1991). 
However, germ cell toxicity is also a characteristic of 
these compounds (Amir and Volcani, 1967; Amir, 1973; Lee, 
1982). Lee (1982) reported a sex-linked recessive lethal 
(SLRL) linear dose-response relationship for EDB in D. 
melanogaster, but toxicity limited the induced mutation 
frequency to less than one order of magnitude above the 
spontaneous mutation frequency. The problem of toxicity 
also exists for EDC (Kramers et al., 1991). This 
complication has prevented a clear separation between 
induced and spontaneous mutations. The major activation 
pathway for EDB, as well as other alkyl halides, involves 
the conjugation of the mutagen to glutathione, catalyzed 
by glutathione-S-transferase (GST) (Ozawa and Guengerich, 
1983; Koga et al., 1986). Although, 2-chloroethyl
73
74
methanesulfonate (Cl-EMS) is expected to produce the same 
DNA adduct in vivo (Humphreys et al., 1990; Cmarik et 
al., 1992), it lacks the toxicity of other alkyl halides 
such as EDB and EDC (W.R. Lee, unpublished results). 
Therefore, Cl-EMS can be used as a "model" mutagen to 
evaluate the mutation spectra induced by (GST)-activated 
alkyl halides.
In this study, Cl-EMS was used to determine the 
characteristics of GST-activated alkyl halide mutation 
induction in male and female D. melanogaster pre-meiotic 
germ cells. Mutation induction was determined using both 
the SLRL and the Adh specific locus tests. The results 
of these studies are the following: First, a mutation
frequency two orders of magnitude greater than the 
spontaneous mutation frequency is observed in males and 
females, for both genetic tests. Second, lethal 
mutations of the X-chromosome are selected against in the 
hemizygous male. Third, the mutation frequency at the 
Adh locus is higher in the male than in the female.
Fourth, all mutations are intragenic mutations (83/83), 
as determined by genetic complementation analysis.
Fifth, 8 mutations of common origin are induced, as 
determined by DNA sequence analysis for 77 of the 83 
mutations. Sixth, all mutations are GC to AT
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transitions. Finally, 36 mutations of independent origin 
are located at 19 sites on the Adh gene.
MATERIALS AND METHODS 
Drosophila melanogaster Stocks
The D. melanogaster stock b pr was made homozygous 
for the second chromosome and maintained as a stock. The 
null mutations recovered at the Adh locus were maintained 
as heterozygous stocks over either In(2LR)0, Cy dplvl AdhnB 
pr cn2 (CyCfB) or b DfA63 ref pr cn. Adh null mutations 
were given a unique number, following the Baton Rouge 
laboratory designation, BR. Multilocus deficiencies were 
designated Df(2L)BR# and intragenic mutations of the Adh 
locus were designated AdhnBR# (Lindsley and Grell, 1967) . 
Chemicals and Enzymes
2-Chloroethyl methanesulfonate was obtained from 
Aldrich Chemical Company; CAS: 3570-58-9. Thermus 
aquaticus (Taq) polymerase enzyme and reagent kit were 
obtained from Cetus Corporation. Protease K and RNase 
were purchased from Sigma Chemical Company. Urea, 
ammonium persulfate and TEMED were purchased from 
Bio-Rad. Acrylamide was purchased from Ameresco. Alpha 
[35S]-dATP was obtained from New England Nuclear. 
Circumvent, cycle sequencing kit, was obtained from New 
England Biolabs. Instant Drosophila media, Formula 4-24, 
was purchased from Carolina Biological Supply Company.
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Sex-Linked Recessive Lethal Test
In order to induce gonial cell mutations, male D. 
melanogaster first, second and third instar larvae and 
female second instar larvae were treated with 1.0 mM Cl- 
EMS in 1% sucrose for 24 hr. After eclosion the treated 
males and treated females were separated. The number of 
SLRL mutations produced in treated males was determined 
according the methods described in Byrne and Lee (1989). 
The number of SLRL mutations produced in treated females 
was determined according to the methods described in 
Kelley and Lee (1983) with the following modification. 
Stock CO females (in sc6 1 B / X.YS,In(l) EN2, f) were 
treated with Cl-EMS instead of stock CB X Q (ln(i)dl-49, 
y ac v BMi / x.YS, In(l) EN2, f) . 
induction of Adh Null Mutations by Cl-EMS
In order to obtain a large population of gonial 
cell mutations, mid-second instar to early third instar 
larvae were treated with 1.0 mM Cl-EMS for 24 hr. Eggs 
from b pr flies, laid in an 8 to 12 hr period, were 
harvested and were allowed to mature for approximately 55 
hr. Larvae (second instar to early third instar) were 
removed from the media by floating in 30% sucrose.
Larvae were transferred to the treatment media consisting 
of 1.0 mM Cl-EMS, 1% sucrose and Instant Drosophila 
media, Formula 4-24, in a volume of 2 ml. After 24 hr, 
the larvae were washed into a funnel lined with facial
tissue and transferred to standard Drosophila bottles 
into mature to adult flies. Treated males or treated 
females were mated to Adhtn2i pr cn b\f / CyCfB dplvl AdhnB 
pr cn2 flies. The Fx generation of this cross was 
treated with l-penten-3-ol to select Adh null mutations 
(Sofer and Hatkoff, 1972). Mutations were selected in 
the generation over Adhfn23 pr cn bvP / CyO Adh pr cn2; 
Adhin23 and AdhnB were hemizygously viable over the large 
deficiency Df(2L)64j. Flies which survived l-penten-3-ol 
selection were introduced into a mating scheme designed 
to produce heterozygdusly viable stocks for genetic 
analysis and to remove phenocopies (Batzer et al., 1988). 
Adh null progeny lines were maintained as a stock 
balanced over CyO AdlfB pr cn2 or b DfA63 ref pr cn.
Genetic Complementation Analysis
The mutations were analyzed first by genetic 
complementation tests using maps developed for the Adh 
region on the second chromosome (McGill et al., 1988; 
Davis et al., 1990). Genetic complementation tests were 
conducted according to the methods previously described 
(Batzer et al., 1988; Fossett et al., 1990). Molecular 
and genetic analyses of the Adh locus and the flanking 
regions suggest that it is located within an intron of 
the outspread (osp) locus (Benyajati, et al., 1983;
McGill et al., 1988; Davis et al., 1990; Mahmoud et al.,
1991). Adh null mutations that complement the osp locus
78
were classified as intragenic mutations and were 
characterized by DNA sequence analysis. Those mutations 
which did not complement osp were classified as 
multilocus deletions.
DNA Isolation and PCR Gene Amplification
DNA was isolated from 50 b DfA63 ref pr cn flies 
using the method of Chia et al. (1985). An 1146 bp Adh
fragment was amplified using Adh specific primers; one 
primer binds a specific sequence that is 121 bp 5' to the 
initiation codon and a second primer binds a specific 
sequence 82 bp 3' from the termination codon. Three 
micrograms of D. melanogaster genomic DNA and 25 pmole of 
each primer were added to nucleotide triphosphates and 
reaction buffer according to the Perkin-Elmer Cetus 
protocol. The reaction mixture was heated to 94°C for 10 
min to denature the genomic DNA. Subsequently, 2.5 units 
of Tag polymerase were added to the reaction mixture and 
Adh fragment amplification was achieved using a l min,
95°C denaturing step; a l min, 55°C annealing step and a
1.5 min, 72°C primer extension step for 25 cycles.
Excess primers and nucleotide triphosphates were removed 
from the amplified fragment by diluting the 100 
microliter reaction mixture to a total volume of 2 ml 
with distilled water and concentrating the mixture using 
centricon 30 (Amicon) microconcentrators (Tindall and
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Kunkel, 19 88). The fragment concentration was then 
determined spectrophotometrically, at 260 nmeters.
Gene amplification using Tag polymerase has two 
potential problems, lack of specificity of the amplified 
gene and infidelity of the Tag polymerase (Tindall and 
Kunkel, 1988). Stringent primer annealing and extension 
conditions, coupled with the unique primer sequences for 
the Adh gene, minimized the problem of non-specificity of 
the amplified gene. Infidelity of Tag polymerase was 
minimized by starting the gene amplification with at 
least 106 copies of the Adh gene (0.45 nM genomic DNA); 
therefore, even with a 10"4 mis-incorporation rate, the 
ratio of incorrect nucleotides incorporated into the 
amplified DNA would be 10'2, and thus indistinguishable.
In addition, the DNA from each Adh null mutation was 
amplified on two separate occasions using Tag polymerase 
and both fragments were compared for DNA sequence 
consensus.
Oligonucleotides which bind specifically to the Adh 
gene were used for DNA sequence analysis. The primers 
bind to either the coding or noncoding strand at 
intervals of approximately 200 bp. DNA sequence analysis 
was performed according to the methods described in the 
New England Biolabs Circumvent kit. A rapid screen for 
single nucleotide changes and small intragenic insertions 
or deletions was achieved by loading the sequencing gel
as follows: three samples of mutant template DNA and one
wild type template DNA were used to produce four primer 
extensions with the same primer; the four samples were 
loaded so that all the strands that terminated with 
dideoxyadenosine were loaded side by side; this loading 
scheme was repeated with ddC, ddG and ddT samples. The 
single base changes, deletions and insertions can be 
quickly visualized from the resulting autoradiograph 
(Lee, 1989).
RESULTS
D . melanogaster larvae were treated with 1.0 mM 
Cl-EMS in 1% sucrose for 24 hr. The %SLRL was determined 
for the following treated larval stages: male first, 
second and third instar; and female second instar. The 
%SLRL increased significantly (Chi-square = 16.56; 
df = l ; P < 0.001) from male first instar larvae (12.5%) 
to male second instar larvae (23.5%) (Table 6), but the 
%SLRL did not change significantly (Chi-square = 0.95; df 
= l; P = 0.44) from male second to third instar larvae 
(20.4%) (Table 6). The %SLRL for male second instar 
larvae (23.5%) and female second instar larvae (21.i%) 
was not statistically different (Chi-square = 0.69; df = 
l; P = 0.48) (Table 6). After determining the most 
sensitive larval stages, mid-second instar to early third 
instar larvae were treated with 1.0 mM Cl-EMS for 24 hr. 
Treated larvae were allowed to mature to adult flies and
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TABLE 6
SEX-LINKED RECESSIVE LETHAL TEST3 FOR GONIA TREATED WITH 
1.0 mM Cl-EMS FOR 24 hr
Germ Cell 
Stage
Chromosomes Lethalsb %SLRLC Mutation
Frequency*3
1st instar 
spermatogonia 667 79 12 . 5 1.8 X 10"4
2nd instar 
spermatogonia 603 127 23 . 5 3.4 X 10'4
3rd instar 
spermatogonia 661 123 20 . 4 2.9 X 10'4
2nd instar 
oogonia 951 182 21. 1 3.0 X 10"4
Sex-linked recessive lethals 
“Corrected for coincidence of events
d(mutations/gene/generation), assuming 700 lethal loci 
on the X-chromosome (Abrahamson et al., 1980).
then were mated to Adhtn23 pr cn bvP / CyO AdhnB pr cn2 
males or females. Adh null mutant F1 progeny were 
selected using l-penten-3-ol according to the method of 
Sofer and Hatkoff (1972). A total of 75,665 progeny and 
74 Adh null mutations were produced by treated males, and 
30,019 progeny and 9 Adh null mutations were produced by 
treated females. The Cl-EMS- induced mutation frequency 
(9.8 X 10'4 mutations/gene/generation) in the male is 576 
times the historical spontaneous mutation frequency (1.7 
X 10'6 mutations/gene/generation), assuming 700 SLRL loci 
(Abrahamson et al., 1980) and an historical SLRL 
spontaneous mutation frequency of 0.12% (Lee et al.,
1983). The Cl-EMS-induced mutation frequency (3.0 X 10'4 
mutations/gene/generation) in the female is 17 6 times the 
historical spontaneous mutation frequency. These 
mutations are not likely spontaneous mutations, because 
on average only 0.13 and 0.05 spontaneous mutations 
should be recovered from the progeny of males and 
females, respectively. The mutation frequency for 
treated male larvae (9.8 X 10 4
mutations/gene/generation) is significantly greater (P = 
0.72; alpha = 0.01; Kastenbaum and Bowman, 1970) than the 
mutation frequency for treated female larvae (3.0 X 10"4 
mutations/gene/generation) (Table 7). However, a 
statistical comparison (Kastenbaum and Bowman, 1970) of 
the Cl-EMS- induced mutation frequencies for the Adh
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TABLE 7
Adh NULL MUTATION FREQUENCY LATE FOR 2nd TO EARLY 3rd 
INSTAR LARVAE TREATED WITH 1.0 mM Cl-EMS FOR 24 hr
Germ Cell 
Stage
Progeny Mutations Mutation
Frequency3
Seperate
Events"
oogonia 30019 9 3.0 X 10'4 9C
spermatogonia
h /—— r——:—s----i----
75665 74 9.8 x 10'4 33d
bNumber of mutations of independent origin. 
c(7/9) mutations were sequenced. 
d(29/33) mutations were sequenced.
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specific locus test and the SLRL test found a discordance 
for male larvae (P = 0.5; alpha = 0.01), while the 
induced mutation frequencies for female larvae did not 
differ between the two tests (Table 8).
The Adh specific locus test was chosen for the 
ability to recover a broad spectrum of mutations, ranging 
from single nucleotide base substitutions to multilocus 
deletions (Fossett et al., 1990). A total of 83 Adh null 
mutations were induced in gonial cells by Cl-EMS. These 
mutations were first analyzed using genetic 
complementation tests. The Adh gene has been mapped to a 
single intron of the osp locus (Ashburner et al., 1982), 
and a deletion extending a short distance beyond the Adh 
locus will prevent complementation by the osp locus. All 
83 Cl-EMS-induced mutations complemented the osp locus 
and were classified as intragenic mutations.
DNA sequence analysis was completed for 77 of the 83 
Adh null mutations, and all were GC to AT transitions 
(Table 9). Eight mutations of common origin, each from 
the same culture bottle, were induced (Table 9), and 36 
mutations of independent origin were located at 19 sites 
on the gene (Table 9). The frequency of mutation 
induction at these sites is not inconsistent with a 
Poisson distribution (Chi-square = 6.16; df =4; P =
0.18) .
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TABLE 8
COMPARISON OF Adh NULL AND SLRL MUTATION FREQUENCIES
Germ Cell Stage Genetic Test Mutation
Frequency3
oogonia Adh 3.0 X 10"4
SLRL 3.0 X 10'4
spermatogonia Adh 9.8 X 10'4
SLRL 3.4 X 10'4
3(mutation/gene/generation), assuming 700 lethal loci 
on the X-chromosome for SLRL (Abrahamson et al., 1980).
TABLE 9
DNA SEQUENCE ANALYSIS OF Cl-EMS-INDUCED Adh NULL 
MUTATIONS
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Germ Cell 
Stage
Cluster
Size3
Mutation Amino Acid AAb 
Substitution
spermatogonia l 
spermatogonia 9
spermatogonia 1 
spermatogonia l
spermatogonia 2
spermatogonia 6 
spermatogonia l 
spermatogonia l 
oogonia l
oogonia l
spermatogonia l 
spermatogonia l 
spermatogonia l 
spermatogonia l
spermatogonia l
spermatogonia l 
spermatogonia l
oogonia l
CC ATG TCG 
GG TAC AGC
T
GTT GCC GGT 
CAA CGG CCA
A
CTG GGA GGC 
GAC CCT CCG
A
CTG GGA GGC 
GAC CCT CCG
A
AAC GGA GCT 
TTG CCT CGA
A
AAC GGA GCT 
TTG CCT CGA
T
CAC CAG ATC 
GTG GTC TAG
A
ACT GGC CTG 
TGA CCG GAC
TTC TGG GAC 
AAG ACC CTG
T
GGA TCC GTC 
CCT AGG CAG
T
AAT GCC ATC 
TTA CGG TAG
Start Codon l 
Ala to Val 14
Gly to Arg 17
Gly to Glu 17
Gly to Arg 9 3
Gly to Glu 93
Gin to Stop 101
Gly to Asp 112
Trp to Stop 124
Ser to Phe 140
Ala to Val 146
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(table con'd)
T
spermatogonia l TAC
1
TCC GGC Ser to Phe 154
spermatogonia l ATG AGG CCG
spermatogonia 2
A
spermatogonia 1 TCC GGC ACC Gly to Asp 155
spermatogonia 1 AGG CCG TGG
spermatogonia 19
oogonia 1 AAG
T
GCC GCC Ala to Val 158
spermatogonia 1 TTC CGG CGG
spermatogonia 1
oogonia 1 GCC
T
GCC GTG Ala to Val 159
spermatogonia 1 CGG CGG CAC
spermatogonia 4 AGC
T
TCC CTG Ser to Phe 166
TCG AGG GAC
A Splice Site
spermatogonia 3 GCG GTAAGT Acceptor I3a
CGC CATTCA Site
A
oogonia 1 CCC GGC ATC Gly to Asp 184
spermatogonia 1 GGG CCG TAG
spermatogonia 1
spermatogonia 4
oogonia 1 ATC
T
ACC CGC Thr to lieu 186
TAG TGG GCG
aVerified as mutations of common origin by DNA sequence 
analysis. 
bAmino acid number. 
cIntron number 3.
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DISCUSSION
The alkyl halides, EDB and EDC, are gonial cell 
mutagens (Kale and Baum, 1981; Kramers et al., 1991). 
However, these compounds are toxic, which prevents a 
distinct separation of induced from spontaneous mutations 
(Lee, 1982). Consequently, the population of mutations 
recovered will contain a significant number of 
spontaneous mutations, and will confound the 
interpretation of the induced mutation spectrum. Cl-EMS 
is expected to produce the same DNA adduct in vivo as 
does EDB and EDC (Humphreys et al., 1990; Cmarik et al.,
1992), but lacks the toxicity of these compounds (W.R. 
Lee, unpublished results). Therefore, Cl-EMS was used as 
a "model" mutagen to study alkyl halide mutagenesis in D. 
melanogaster gonial cells. In these experiments, male 
and female larvae were treated with 1.0 mM Cl-EMS, and 
the mutation frequency was determined using both the SLRL 
and Adh specific locus tests. A mutation frequency 
significantly greater than the spontaneous mutation 
frequency was observed for both treated males and 
females.
The mechanism of mutagenesis for Cl-EMS is expected 
to be the same as for EDB and EDC (Humphreys et al.,
1990; Cmarik et al., 1992). The bioactivation of these 
mutagens involves the conjugation of the mutagen to 
glutathione, by GST, forming a half-mustard (Humphreys et
al., 1990; Cmarik et al., 1992). In in vitro studies, 
the half-mustard has been shown to spontaneously cyclize, 
displacing the halide ion to form an episulfonium ion 
intermediate that reacts primarily with the N7-guanine to 
produce S-(2-(N7~guanyl)ethyl)glutathione DNA adducts 
(Fig. 5) (Roberts and Warwick, 1957; Ozawa and 
Guengerich, 1983; Foureman and Reed, 1987). In order to 
determine the adduct produced by Cl-EMS, Dr. S. Chang 
(Department of Biochemistry, Louisiana State University, 
Baton Rouge, Louisiana) used post-labeling and two- 
dimensional thin layer chromatography (2-D tic) to 
compare the DNA adducts from D. melanogaster larvae 
treated in vivo with Cl-EMS with the DNA adducts from 
herring sperm DNA treated in vitro with S-(2- 
chloroethyl)cysteine. The 2-D tic maps of DNA adducts 
produced in vivo and in vitro were identical to the 2-D 
tic map of N7-ethyl-cysteine-deoxylguanosine 3'-phosphate 
(synthesized by Dr. David Swenson, Louisiana State 
University School of Veterinary Medicine, Baton Rouge, 
Louisiana). N7-ethyl-cysteine-deoxylguanosine 3'- 
phosphate may be one of the adducts produced by Cl-EMS in 
vivo, or a hydrolysis product of the S-(2-(N7- 
guanyl)ethyl)glutathione adduct formed during DNA 
preparation for post -labeling using proteinase K (Dr. 
Chang, personal communication).
GSH S-transferase
t
G S + '
+
+ X
G S H  + G S
Fig. 5 Postulated pathway for bioactivation of alkyl halides by glutathione 
S-transferase.
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Cl-EMS mutagenesis in D. melanogaster was first 
studied by Fahmy and Fahmy (19 56) . They reported that 
the ratio of sex-linked recessive visibles to sex-linked 
recessive lethals increased for treated male pre-meiotic 
germ cells as compared to treated male post-meiotic germ 
cells. They concluded that essential loci (lethals) are 
most likely required for the process of spermatogenesis, 
and sex-linked recessive null mutations of these 
essential loci result in selection against hemizygous 
spermatogonia. This explanation was supported by the 
work of Purdom (1957), who compared the ratio of 
autosomal recessive lethal (ARL) and SLRL mutation 
frequencies in treated male D. melanogaster pre-meiotic 
and post-meiotic germ cells. The ratio of the ARL 
mutation frequency to SLRL mutation frequency was greater 
in pre-meiotic germ cells as compared to the ratio 
observed in post-meiotic germ cells. Purdom (1957) 
concluded that autosomal lethals can exist as viable 
heterozygotes in pre-meiotic germ cells, but sex-linked 
lethal hemizygotes may be eliminated. The analysis of 
Adh and SLRL mutation frequencies, determined in this 
study, supports these earlier findings (Table 8). The 
Adh and SLRL mutation frequencies for oogonia are 3.0 X 
10'4 mutations/gene/generation (Table 8). In contrast, 
the Adh mutation frequency for spermatogonia is 9.8 X 
10'4 mutations/gene/generation, a figure significantly
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greater than the SLRL mutation frequency for 
spermatogonia (3.4 X 104 mutations/gene/generation) and 
the mutation frequencies for oogonia (Table 8).
Selection against SLRLs in pre-meiotic hemizygotes most 
likely explains the lower mutation frequency observed in 
spermatogonia with the SLRL test as compared to the Adh 
specific locus test.
The Adh null mutation frequency was significantly 
greater in spermatogonia as compared to oogonia. Drost 
(1993) calculated that the number of cell divisions per 
generation in D. melanogaster was partially responsible 
for the increase in the spontaneous mutation frequency.
In second and early third instar larvae, there are more 
spermatogonial cell divisions (2.4 / 24 hr) than oogonial 
cell divisions (0.5 / 24 hr) (Drost, 1993). The reduced 
time for DNA repair and the greater number of cell 
divisions during the treatment period may explain the 
increased mutation frequency for treated spermatogonia.
The Cl-EMS- induced mutation frequency is two orders 
of magnitude greater than the spontaneous mutation 
frequency in both spermatogonia and oogonia. Therefore, 
the mutations analyzed are not likely spontaneous 
mutations. DNA sequence analysis of the mutations 
(77/83) found 36 mutations of independent origin and the 
remaining 41 mutations were divided among 8 groups of 
mutations of common origin (Table 9). DNA sequence
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analysis showed that all mutations were the result of GC 
to AT transitions (Table 9).
The product of Cl-EMS and glutathione conjugation,
S-(2-chloroethyl)GSH, was used by Cmarik et al. (1992) to
induced lacZ mutations in bacteriophage Ml3mpl8 DNA in 
vitro. The phage was transvected into E. coli, and 70% 
of the recovered lacZ mutations were GC to AT 
transitions.
The S-(2-(N7-guanyl) ethyl) glutathione adduct has 
been shown to be the primary adduct responsible for S-(2- 
chloroethyl)GSH-induced mutagenesis in vitro (Cmarik et 
al. , 1992). In addition, spontaneous hydrolysis of the 
glycosidic bond has been shown to result in depurination 
of N7-guanyl adducts (Lawley and Brookes, 1961). In 
addition, after treatment of deoxyguanosine with S-(2- 
chloroethyl)glutathione, Foureman and Reed (1987) 
observed a half-life of approximately 7 hr for apurinic 
sites. The primary mutations resulting from the 
depurination of guanine have been transversions (Kunkel,
1984); however, Cmarik et al. (1992) observed primarily
GC to AT transitions, and GC to AT transitions were the 
only mutation observed in this study. Therefore, GC to 
AT transitions may be the primary mutation induced by Cl- 
EMS treatment in vivo, and its derivative, S-(2- 
chloroethyl)GSH, in vitro. One explanation for this 
observation is that the
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S- (2-N7-guanyl)ethyl)glutathione adduct may not 
depurinate in vivo, and the adducted N7-guanine will 
induce mutations by the production of G-T mis-pairs. 
Additional studies may provide further information 
concerning the in vivo mechanism of mutagenesis for S- (2- 
N7-guanyl)ethyl)glutathione.
The wide spread use of alkyl halides (Alexeeff et 
al., 1990) presents opportunities for exposure. If Cl- 
EMS is a "model" mutagen for EDB and other alkyl halides, 
then alkyl halides may present a risk to the human germ- 
line. The major DNA adduct induced by alkyl halides, S- 
(2-N7-guanyl)ethyl)glutathione, may be refractory to 
repair and may produce replication dependent mutations. 
Therefore, the chronic exposure to alkyl halides may pose 
a risk to human male germ cells, which undergo cell 
division every 16 days during an average 15 year 
reproductive period (Crow, 1993; Drost, 1993).
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SUMMARY
A comparison of the sex-linked recessive lethal 
(SLRL) frequency and the mutation spectrum induced at the 
alcohol dehydrogenase (Adh) locus for two radiation 
sources with different mean linear energy transfer (LET) 
values demonstrated that an increase in the frequency of 
multikilobase deletions influenced the mutation 
frequency. The comparison of the relative multikilobase 
deletion frequency and the mutation frequency induced by 
tritiated water and X-rays was made at the upper limit of 
the relationship between multikilobase deletion frequency 
and mutation frequency. As the multikilobase deletion 
frequency approaches 1.0, the relationship between 
multikilobase deletion frequency and mutation frequency 
may be confounded due to an increase in cell death, which 
occurs with a further increase in LET (Casarett, 1968; 
Gonzalez, 1972). Therefore, in order to determine the 
nature of the relationship between multikilobase deletion 
frequency and mutation frequency, a comparison will be 
made using two radiation sources which should have a 
multikilobase deletion frequency less than 1.0. The SLRL 
frequency for 60Co y radiation has been determined (Byrne 
and Lee, 1989). Mutations at the Adh locus will be 
induced with 60Co y radiation, and the multikilobase 
deletion frequency will be compared with the data 
presented in this dissertation.
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The relationship between multikilobase deletion 
frequency and mutation frequency at the upper and lower 
limit may represent areas of transition from one level of 
risk to another. At the lower limit of this continuum, 
the transition from multikilobase deletions induced by 
two hit kinetics to multikilobase deletions induced by 
single hit kinetics may occur. Multikilobase deletions 
that result from single hit kinetics may be induced at 
lower dose levels of radiation, and thus pose a greater 
potential risk of exposure. At the upper limit of the 
relationship between multikilobase deletion frequency and 
mutation frequency, the quality of risk may change to an 
increase in infertility and diseases associated with 
chromosome aneuploidy.
The evaluation of the relationship between 
multikilobase deletion frequency and mutation frequency 
across this continuum may provide additional information 
concerning the relationship between LET and DNA damage.
In addition, the transitions in genetic end-points that 
occur at the upper and lower limits of this continuum may 
facilitate risk assessment for radiation exposure.
The alkyl halides, l,2-dibromethane (EDB) and 2- 
chloroethyl methanesulfonate (Cl-EMS), are more mutagenic 
in pre-meiotic germ cells than in post-meiotic germ 
cells, and this difference appears to involve specific 
germ cell stage bioactivation. The bioactivation of
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these compounds involves glutathione S-transferase 
catalyzed conjugation to glutathione. The toxicity of 
EDB prevents the induction of a mutation frequency that 
would allow the unambiguous determination of mutation 
spectrum. EDB and Cl-EMS may produce the same DNA 
adduct; therefore, Cl-EMS can be used as a "model" 
mutagen for EDB. Cl-EMS induced a mutation frequency in 
D. melanogaster gonial cells at least two orders of 
magnitude greater than the spontaneous frequency.
The mutation frequency induced in treated males was 
lower in the SLRL test than in the Adh specific locus 
test because of germinal selection against male 
hemizygotes. The increase in the Adh mutation frequency 
observed in treated males with respect to treated females 
may be explained by the increase in male germ cell 
divisions during the treatment period, resulting in an 
increased probability of replication dependent mutation 
fixation.
The mutation spectrum determined for Cl-EMS, GC to 
AT transitions, may be similar to that induced by EDB. 
Cl-EMS may induce DNA adducts that are refractory to 
repair, which produce G-T mis-pairs during DNA 
replication. Therefore, alkyl halide exposure to the 
human male pre-meiotic germ cells may result in an 
increase in the frequency of heritable mutations.
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CONCLUSION
The multikilobase deletion frequency may influence 
the mutation frequency in male post-meiotic germ cells. 
However, it can not be assumed that this relationship 
occurs in all germ cell stages. Chromosome breaks may be 
more readily repaired or may result in germinal selection 
in pre-meiotic germ cell stages. Therefore, clastogenic 
damage may decrease the mutation frequency in pre-meiotic 
germ cell stages. In contrast, compounds that require 
activation for mutation induction, such as the alkyl 
halides, are more mutagenic in pre-meiotic germ cell 
stages. Therefore, the germ cell stage specific response 
should determine the mutation spectra, which should 
influence the mutation frequency.
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